Abstract: An inhalation exposure system, consisting of an inhalation chamber and an generating and feeding device for welding fumes and gases with a welding robot, was constructed and examined for its application to experimental toxicology for ventilatory responses of conscious rats to welding fumes and gases. The exposure system allowed an inhalation of fresh welding fumes and gases, and could supply airflow containing stable concentrations of fumes and ozone even the levels exceeding those corresponding occupational exposure limit values were supplied into the exposure chamber. The air temperature in the chamber was kept constant under rat's physiological conditions. Rats were exposed to fresh welding fumes and gases and examined for their ventilatory responses with a body plethysmograph in the chamber. A transient increase in breathing frequency with a concomitant decrease in the tidal volume was observed within several minutes immediately after the start of welding operation. The rapid, shallow breathing response disappears after repeated exposures, indicating rapid adaptation of this ventilatory response to inhalation of welding fumes and gases.
Many hazardous and reactive substances such as fumes, ozone (O 3 ), carbon monoxide (CO) and nitrogen oxides are generated during welding processes. Welders are exposed through inhalation to a complex mixture of such hazardous substances and are at high risk to occupational lung diseases such as the welder's pneumoconiosis and asthma. In Japan, the number of welder's pneumoconiosis has not been reduced, while other types of pneumoconiosis tended to decrease 1) . Since fresh welding fumes and gases are reactive to biological tissues, it is of prime importance to assess the relationship between combined exposure of welders to such fresh welding fumes and gases and their biological responses on respiratory functions and structures. The present study was designed to construct an inhalation exposure system which allows inhalation exposure of rats to freshly generated welding fumes and gases. This inhalation exposure system was composed of an exposure chamber and a generating and feeding device for fresh welding fumes and gases with a CO 2 arc-welding robot. We examined this exposure system for its application to experimental toxicology for measurement of ventilatory responses of conscious rats to welding fumes and gases. Figure 1 shows a schematic diagram of an inhalation exposure system consisting of a CO 2 arc-welding robot for generating fresh welding fumes and gases, a feeder of the airborne substances and an inhalation exposure chamber. The welding robot (ARCMAN-RON, Kobe Steel Co., Ltd., Japan, Fig. 1-C) was operated for "bead-on-plate" welding with a solid wire on a mild steel plate (MG-50T, JIS Z 3312 YGW12, Kobe Steel Co., Ltd., Japan). The other conditions of welding operation were the same as those described in the previous paper 2) . The welding robot and the working table were enclosed into 1450 × 1450 × 1400 mm in size with aluminum sheet (Fig. 1-E) , in order to efficiently introduce fresh fumes and gases into the exposure chamber (0.35 m 3 , Fig. 1-G) . The distance between the arc point and the noses of 5 rats was approximately 2.5 meters. Airflow containing fresh fumes and gases was fed into the exposure chamber by means of setting up both an air suction fan ( Fig.  1-F) at the upstream side of the chamber and an exhaust blower located at the downstream side ( Fig. 1-H) . This pushpull type of the airflow into the chamber would be effective to minimize the negative pressure inside the chamber, because the pressure and the air exchange rate were kept constant at 20 mmAq and 150 times/hr in the chamber, respectively. Because air exchange rates are usually fixed at 6-20 times/ hr, the present value (150 times/hr) seems too large for rats to keep in physiological conditions. The air exchange rates lower than the present value would have caused unstable concentrations of welding fumes and gases and elevated temperature inside the exposure chamber. A head-shielding device was used to shield rat's nose and head from direct exposure to high velocity wind which was caused by the high air exchange rate in the chamber ( Fig. 1 -O and -P).
In order to minimize possible temperature elevation inside the chamber due to large heat transmission arising from a high arc temperature of about 3600°C, a heat exchange device of cold water circulation was installed in the chamber. This circulation allowed the temperature rise only within 1-2°C above the room temperature. The concentrations of fumes, O 3 , and CO in the chamber were monitored with a laser dust meter (LD-1, Shibata Scientific Technology LTD., Japan), an O 3 monitor (SC-90, Riken Keiki Co., Ltd., Japan) and a CO monitor (CO-85FL, Riken Keiki Co., Ltd., Japan), respectively. The factor of mass-concentration conversion coefficient (K-factor) of 0.09 was used to transform the dust meter readings to the mass density of respirable fumes of smaller than 7 µm.
An animal exposure experiment was carried out in the chamber, placing each of five 14-week-old male JCL-Wistar rats (Japan CLEA, Ltd.) in a body plethysmographic box for the measurement of ventilatory response by the method 3) . The rats were exposed only to clean air for 3.5 hr/day on 3 consecutive days. On the third day, the plethysmographic measurement was carried out during a 3.5-hr period of exposure to clean air, in order to obtain control values of ventilatory response. On the next day, the rats were exposed to welding fumes and gases, while the plethysmographic measurement was carried out for a 3.5-hr period. The single exposure was started with 1-hr exposure to clean air, followed by 2-hr exposure to welding fumes and gases and subsequent 0.5-hr exposure to clean air. The welding robot was operated for feeding the fumes and gases during the 2-hr period with repeated (8 times) cycles of "bead-on-plate" welding for 6 min and a pause for 9 min. Table 1 shows 5-min-averaged concentrations of fumes, O 3 and CO in the chamber under varying current. The timecourse changes in concentrations of those substances were characterized by a rapid rise within 1-min after the start of welding operation and a levelling off at the levels as indicated in Table 1 . Table  1 shows that O 3 concentration ranged between 0.14 ppm and 0.25 ppm, independent of the welding current. Those O 3 levels exceeded the occupational exposure limit value of ozone (0.1 ppm, JSOH). CO concentration was found to range from 16 to 21 ppm which lay below the occupational exposure limit value of 50 ppm set by JSOH. The present exposure system can not afford mimicking exposure of welders to CO, because welders were exposed to much higher CO concentration during the CO 2 arc welding operation 2) . Figure 2 shows time-course changes in relative breathing frequency and tidal volume of 5 rats immediately after a single exposure to welding fumes and gases. An abrupt increase in the breathing frequency with a concomitant decrease in the tidal volume was observed immediately after the single exposure to welding fumes and gases. This shallow, rapid breathing continued only for several minutes after the start of exposure, and then disappeared completely. The Data points with bars represent the mean ± SD of 5 rat. *,** and *** indicates significant level at p<0.05, p<0.01 and p<0.001 by t-test or Wilxocon's rank sum test after F-test. Each substance was collected at a 30-sec interval from 30-sec after the start of welding to the end of welding operation for about 5-min. The concentrations were averaged over the welding time period, and each of the time-averaged concentrations was a mean of 5 trials.
magnitude of this shallow, rapid breathing response was reduced by the second exposure to welding fumes and gases, which was started after the 9-min pause of welding operation. Finally, the eighth exposure did not produce the shallow, rapid breathing. It can be concluded that this type of the shallow, rapid breathing response to inhalation of welding fumes and gases was very transient in nature and that adaptation of this response was formed in a short time and with repeated short-term exposures. We previously reported that exposure of rats to O 3 elicits two kinds of shallow, rapid breathing response; the one that appeared immediately after the start of exposure, and disappeared within 1-2 minutes, and another one that appeared with a latent period of 60 minutes or longer and persists longer than 2-3 hours 6) . The shallow, rapid breathing response observed in the present study is considered to correspond to the former one. We also observed induction of the synchronized EEG wave in the olfactory bulb accompanied with the rapid shallow breathing response 6) . This can be interpreted as electrophysiological evidence that the transient rapid shallow breathing is triggered by the olfactory sensation. In consistence with this interpretation, we observed olfactory behavior of the rats sniffing and twitching whiskers immediately after the exposure to welding fumes and gases was started. It can not be ruled out, however, that other sensory nerves such as the trigeminal, glossopharyngeal and vagal nerves in the upper respiratory tract contribute to this transient response.
The present study was confined to presentation of the data on the ventilatory responses immediately after the initiation of the combined exposure, because main purpose was to construct an inhalation exposure system which allows combined exposure to fresh welding fumes and gases. This exposure system will be useful to look into biological effects of welding fumes and gases.
